Abstract. Hydrophilus acuminatus larvae are known to feed on aquatic prey. However, there is no quantitative study of their feeding habits. In order to determine the feeding preferences and essential prey of larvae of H. acuminatus, both field and laboratory experiments were carried out. Among the five potential species of prey, Austropeplea ollula (Mollusca: Lymnaeidae), Physa acuta (Mollusca: Physidae), Asellus hilgendorfi (Crustacea: Asellidae), Palaemon paucidens (Crustacea: Palaemonidae) and larvae of Propsilocerus akamusi (Insecta: Chironomidae), the first instar larvae of H. acuminatus strongly prefered the Austropeplea and Physa snails in both cafeteria and single-prey species experiments. Larvae that were provided with only snails also successfully developed into second instar larvae, while larvae fed Palaemon, Propsilocerus larvae or Asellus died during the first instar. In addition, the size of adult H. acuminatus reared from first-instar larvae and fed only snails during their entire development was not different from that of adult H. acuminatus collected in the field. This indicates that even though the larvae of H. acuminatus can feed on several kinds of invertebrates, they strongly prefer snails and without them cannot complete their development.
INTRODUCTION
Predacious aquatic insects are a diverse group and the top predators in fishless water habitats. Larvae and adults of some species of diving beetles (Dytiscidae), for example, are regarded as effective predators of mosquito larvae (Bay, 1974; Berman et al., 2000; Lundkvist et al., 2003) , other insect larvae, amphibian larvae, isopods and fish fry (Blunck, 1923; Balduf, 1935; Wesenberg-Lund, 1943; Jeffries, 1988; Johansson & Nilsson, 1992; Inoda & Kamimura, 2004; Inoda et al., 2009) .
Although predatory aquatic insects have been studied for decades, the feeding ecology and behaviour of many taxa are relatively poorly known. In the past, most predatory aquatic insects in standing water were thought to be generalists (Batzer & Wissinger, 1996; Cummins, 1973; Bay, 1974) . However, recent laboratory experiments and field studies have shown that they are often specialists rather than generalists (Klečka & Boukal, 2012) .
Some predators are known to have adaptations for handling certain types of prey, such as asymmetric feeding structures. For example, some snail-eating specialists have a conspicuous, one-sided asymmetry in their feeding apparatus (Shoup, 1968; Snyder & Snyder, 1969; Ng & Tan, 1985; Hoso et al., 2007) . Since snail shells are mainly dextral (i.e., with right-handed coiling of the shell) regardless of habitat (Vermeij, 1975) , to specialize on dextral snails would be selectively advantageous for predators of snails (Shoup, 1968; Snyder & Snyder, 1969; Ng & Tan, 1985; Inoda et al., 2003; Shigemiya, 2003; Hoso et al., 2007) . Asymmetrical mandibles that may indicate a specialized feeding apparatus are common in the larvae of various groups of Hydrophilidae, e.g., Laccobius, Berosus and some Acidocerinae (Archangelsky, 1997; Minoshima & Hayashi, 2011) . While the diet of most of these groups is poorly known, the larvae of Hydrophilus are reported to feed on freshwater snails, insect larvae, amphibian larvae, isopods and fish (e.g., Miall, 1895; Kawamura, 1918; Wilson, 1923; Bøwing & Henriksen, 1938; Hosoi, 1939; Tsuda, 1983; Archangelsky, 1997; Inoda et al., 2003) . Under laboratory conditions, the larva of Hydrophilus acuminatus feed on Caenestheriella gifuensis, Tubifex tubifex, Caras sius auratus (Tsuda, 1983) and viviparid snails (Hosoi, 1939) . These observations suggest that Hydrophilus species are generalist predators.
On the other hand, Inoda et al. (2003) report that the asymmetric mandibles of H. acuminatus are more suitable for feeding on right-handed (Austropeplea ollula) than left-handed snails (Physa acuta). As there is no quantitative analysis of the eating of snails by H. acuminatus, the present study provides a brief survey of the acceptability of the potential prey in a natural habitat of H. acumina tus and the results of laboratory experiments on the prey preferences, essential prey and ability the first instar larvae to complete their development when fed different types of prey.
MATERIAL AND METHODS

Field observations and identification of potential prey
To identify the potential prey of H. acuminatus larvae, an aquatic community in an irrigation ditch of a rice paddy in Tochigi Prefecture (Nasu), Japan was surveyed. Larvae of H. acumina tus were also repeatedly found at this site during this study. The ditch was 15 × 1 m, the depth of the static water 30-50 cm and had a muddy bottom, in which grew two species of water plants, Cabomba caroliniana and Sagittaria trifolia. Cabomba carolini ana was the most abundant and dominant plant. This community was surveyed using 60 quadrates (50 × 50 cm) In addition to percentage predation, we used Manly's alpha preference index for constant prey populations (Chesson, 1978; Krebs, 1989) to calculate the preference of beetle larvae for different species of prey:
where α i is the preference index for prey type i, r i is the proportion of prey item i, n i is the proportion of prey item i in the environment, and m is the total number of types of prey (in this case, m = 5 prey species). If α i > 1/m, prey species i is preferred. Conversely, α i < 1/m indicates avoidance of prey species i. The number of replicates was 30 and beetle larvae were not used repeatedly.
Experiment 3: Single-prey predation
One beetle larva and three individual specimens of a singleprey (i.e., one beetle larva versus three prey individuals) were placed together in an aquarium in this experiment. A total of 179 beetle larvae were used (38 Palaemon paucidens, 39 Propsilocer us akamusi larvae, 33 Asellus hilgendorfi, 34 Austropeplea ollula and 35 Physa acuta). Neither predators nor prey individuals were used repeatedly. The number of beetle larvae that consumed prey was counted at the end of the experiment and the percentage predation calculated as outlined above.
Experiment 4: Essential prey and survival of the larvae
To investigate the percentage survival of the first instar larvae when provided with a single species of prey, one beetle larva and three individual specimens of the same species of prey were placed in the aquarium (12 × 8 × 8 cm; water depth 6 cm). A total of 113 beetle larvae were used in this experiment (23 Palaemon paucidens, 22 Propsilocerus akamusi larvae, 15 Asellus hilgen dorfi, 24 Austropeplea ollula and 29 Physa acuta) and they were not used repeatedly. The number of larvae that developed into the second instar was counted and the percentage survival calculated as follows:
Percentage survival (%) = 100 × (Number of larvae that developed into the second instar) / (Total number of larvae).
Prey was provided everyday to keep the number of each type of prey constant. Water in each aquarium was changed with aged tap water daily and the debris of prey carcasses was also removed.
To supplement the feeding experiments described above, we measured body length and width of adult beetles reared from the first instar larvae fed on Austropeplea or Physa in order to clarify the nutritional suitability of snails for the development of H. acuminatus. First, we placed two aquaria (75 × 40 × 35 cm) containing water to a depth of 10-15 cm outdoors. Each aquarium contained H. acuminatus larvae and Austropeplea or Physa as prey. The aquaria were covered with 3-mm mesh plastic lids to reduce the intensity of direct sunlight (corresponding to a 50% reduction in light intensity) and prevent larvae from escaping. The aquatic plants, giant elodea, fanwort and Japanese parsley, with VCRs of 35%, 35% and 10%, respectively were also placed in the aquaria to provide resting places. Eaten prey were regularly replaced to maintain constant numbers of prey in each aquarium. Dechlorinated tap water was supplied every six hours (Inoda & Kamimura, 2004) . Third instar larvae, which stopped feeding prior to pupation (body length approximately 60 mm), were transferred to plastic containers filled with moist peat moss (11 × 8 × 7 cm) and kept at 20-25°C until adult emergence. Body size of the adult beetles was measured and compared with that of adults collected in the wild.
2007 and 2009 and the samples from all quadrates were subsequently pooled each year. The animals were collected using a Dtype net (45 × 40 × 40 cm with a mesh size of 0.8 mm) by means of a single sweep through the water column and across the bottom as described in Inoda et al., 2009 . The animals were counted and identified using the following references: aquatic insects (Tsuda, 1983; Mori & Kitayama, 2002) , amphibians (Uchiyama et al., 2002) , fish (Nakabo, 2000) and other benthic animals (Ueno, 1973) .
Potential prey were kept in an aquarium (74 × 39 × 40 cm; water depth 20 cm) until the experiment started. The mud from the beetles' habitat and some aquatic plants, such as giant elodea (Elodea densa), fanwort (Cabomba caroliniana) and Japanese parsley (Oenanthe javanica), were collected and placed in the same aquarium. The plants, giant elodea, fanwort and Japanese parsley, were planted with vegetation cover rate (VCR; BraunBlanquet, 1964) of 35%, 35% and 10%, respectively. The VCR for each species in the aquarium was measured as follows. The aquarium was photographed from above with a digital camera (Nikon, CoolPi × 990, Tokyo, Japan) and the VCR of each plant species and the open spaces were measured from pixel counts using Photoshop 6.0 (Adobe systems); see (Inoda, 2011) for details. Dechlorinated tap water was supplied every 6 h to keep the water clean (Inoda & Kamimura, 2004) .
Breeding of larvae
First instar larvae of H. acuminatus (c.a., 20 mm body length) were collected from June to July of 2009 and used in the experiments 1-2 days after hatching. The larvae were not provided with food before the experiments. To obtain the larvae, adult H. acumi natus were collected in Tochigi Prefecture (Nasu), Japan. 
Feeding experiments
We conducted a series of individual-level feeding experiments using first-instar larvae of H. acuminatus. All these experiments were carried out in small aquaria (12 × 8 × 8 cm; water depth 6 cm, water temperature 25-28°C) placed outdoors. All these experiments were run for eight hours between 22:00 and 6:00 (June 9-16, 2009).
Experiment 1: Screening of potential prey and predators of the first instar larvae
To determine the potential prey to be used in subsequent experiments, we placed one first-instar larva of H. acuminatus and one individual animal of each potential prey species in each aquarium (n = 3). At the end of each trial we assessed whether predation had occurred, and if so, who ate whom.
Experiment 2: Prey selectivity in cafeteria experiment
After conducting the screening test, five species were selected as potential prey: Palaemon paucidens, Propsilocerus akamusi larvae, Asellus hilgendorfi, Austropeplea ollula and Physa acuta. To investigate the feeding preferences of H. acuminatus in detail, one beetle larva and three specimens of each potential prey (i.e., one beetle larva with 15 prey items) were placed together in an aquarium. The number of prey consumed and number of beetle larvae that fed on prey were counted at the end of each trial. Percentage predation was calculated as follows:
Percentage predation (%) = 100 × (Number of beetle larvae which fed on at least one prey item) / (Total number of beetle larvae).
Data analysis
Fisher's exact test was first conducted to assess the differences in percentage predation and percentage survival. If there was a statistical difference and all data were non-zero, Ryan's multiple comparisons for proportions (Ryan, 1960) were used to determine differences between groups. Two sets of binary data, feed/not feed and survive/die, were used in the analysis.
Differences in the body sizes of the beetles reared on a diet of Austropeplea ollula or Physa acuta and collected in the wild, were analyzed using Tukey's multiple comparison test.
Statistical analyses were carried out using R software, version 3.0.1 (R Development Core Team, 2013). Significance level was set at P = 0.05 in all tests.
RESULTS
Nineteen taxa were collected at the field site (Table 1) . The isopod Asellus hilgendorfi was the most abundant taxon uniformly present throughout the habitat and in different years (data not shown), followed by the crayfish Procambarus clarkii, chironomid Propsilocerus akamusi and two gastropod species, Austropeplea ollula and Phy sa acuta. In the first experiment, we established that only five of these taxa, Palaemon, Propsilocerus larvae, Asellus and the two species of snails (Austropeplea and Physa), were eaten by first-instar larvae of H. acuminatus and thus used as potential prey in subsequent experiments ( Table  2) . Three of the five species of potential prey, Palaemon, Propsilocerus larvae and Asellus, were not eaten by H. acuminatus larvae in the cafeteria experiment (Experiment 2). On the other hand, 21 (70%) and 17 (57%) of 30 beetle larvae fed on Austropeplea and Physa, respectively. Fisher's exact test revealed a marked differences in the feeding preferences of H. acuminatus larvae for these five species of prey (P < 0.001). Manly's alphas for the three species of prey that were ignored prey were zero, while those for the snails (Austropeplea and Physa) were 0.58 and 0.43, respectively, indicating that both of these snails were preferred prey.
When beetle larvae were provided with a single species of prey (Experiment 3) they consumed the other three potential species of prey: Palaemon (8 of 38 beetle larvae, percentage predation: 21%), Propsilocerus larvae (17 of 39 beetle larvae, 44%) and Asellus (13 of 33 beetle larvae, 39%). Nevertheless, the larvae always fed on the two Table 1 . List of candidate prey species found in an irrigation ditch of a rice paddy in Tochigi Prefecture, Japan in June of 2005, 2007, and 2009 . N = total number of individuals found. snail species: Austropeplea (34 of 34 beetle larvae) and Physa (35 of 35 beetle larvae) (Fig. 1) . This again indicates a stronger preference for feeding on snails than the other species (P < 0.05, Ryan's multiple comparisons). When only Palaemon, Propsilocerus larvae or Asellus were provided as prey for the larvae of H. acuminatus, all of the larvae (23, 22 and 15, respectively) died during the first instar. On the other hand, the larvae provided with each of the snail species, Austropeplea and Physa, developed into the second instar. The percentage survival of the first instar larvae was 96% (23 of 24 beetle larvae survived) when provided with Austropeplea and 97% (28 of 29 beetle larvae survived) when provided with Physa. The survivorship of the larvae provided with each of the five different types of prey differed greatly (P < 0.001, Fisher's exact test). As shown in Table 3 , there was no significant difference in the body size (body length and width) of H. acuminatus adults reared from larvae fed only snails (Austropeplea or Physa) and those collected in the field (P > 0.64, Tukey's multiple comparison t-test). In addition to body size, 100% completed their development. This indicates that snails provide sufficient nutrition for the growth of beetle larvae.
DISCUSSION
Top invertebrate predators substantially affect the biomass, species composition and diversity of fishless pond ecosystems (Turner & Chislock, 2007; Cobbaert et al., 2010) . Predators can reduce the numbers of some species of prey. Snail biomass in fishless marshes and ponds is influenced by direct predation by dragonfly nymphs (Turner & Chislock, 2007) . In the present study, the larvae of H. acuminatus showed a marked preference for feeding on snails, suggesting that larvae may directly affect snail biomass in their habitats. Adult beetles reared from the firstinstar larvae on a diet consisting only of snails were of normal size, indicating that snails are an important prey that can support the complete development of Hydrophi lus larvae. As we used only first-instar larvae in the feeding experiments, a similar study using all instars should be conducted in order to fully quantify their ability to control snail populations.
Many reports have suggested that Hydrophilus larvae can feed on many types of prey (Kawamura, 1918; Wilson, 1923; Hosoi, 1939; Tsuda, 1983; Inoda et al., 2003) , even snakes (Mori & Ohba, 2004) . However, there is no information on what cues larvae use to detect food and which species of prey they need to complete their development. The present study experimentally demonstrates that H. acuminatus larvae are specialist predators of snails. It is not clear why the larvae of this species in this study also fed on prey on which they were not able to successfully complete their development. In the case of diving beetles, Dytiscus verticalis (Coleoptera: Dytiscidae), the larvae use mechanical stimuli or some chemical cues instead of visual cues to find prey (Formanowicz, 1987) . The larvae of Dytiscus sharpi sharpi also respond to the scent of prey when hunting (Inoda, 2012), e.g., of the adults of Kirkaldy ia (Tsuzuki et al., 1999) . The larvae of H. acuminatus may similarly be able to recognize the smell of prey and are attracted by many species of prey, although some are unsuitable for them to complete their development and may thus serve only as supplementary food.
The results are also important for insect conservation. Predatory invertebrate populations are often limited by their food supply (Lenski, 1984; Pearson & Knisley, 1985; Juliano, 1986) and understanding their trophic ecology can result in the development of more efficient conservation measures. Hydrophilus species are endangered taxa in many parts of the world, including, e.g., Great Britain (Beebee, 2007) and Japan (Ministry of the Environment, Government of Japan, 2012). While the larvae of Hydro philus are carnivores, the adults are mainly herbivores or omnivores; thus, they need diverse ecosystems for their development. The habitats of freshwater species, including insects and other invertebrates, are increasingly threatened worldwide (Allan & Flecker, 1993) . Decrease in the numbers of suitable aquatic habitats due to the abandonment of rice paddies, water pollution, pesticide use and invasion by non-native species is causing great concern in Japan (Ministry of the Environment, Government of Japan, 2007; Nishihara et al., 2006) . The result presented in this paper may help focus the conservation efforts on protecting species of Hydrophilus by maintaining appropriate habitats for them as the association between the occurrence of Hydrophilus species and the local snail fauna is largely overlooked and unknown.
